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Abstract

The damage initiation and evolution processes in pre-cracked sheet specimens subjected to different
loading conditions, constant strain rate and constant strain, were investigated using real-time x-ray
techniques. The specimens were made of a particulate composite material containing hard particles
embedded in a rubber matrix. The x-ray data were analyzed and the results are discussed.

Introduction

It is well known that a highly filled particulate composite material, on the microscopic scale, can be
considered a nonhomogeneous material. Depending upon the degree of crosslink of the matrix
material, filler particle size and distribution, and the bond strength at the interface of the particle and
the matrix, the local stress and strength will vary in a random fashion. Therefore, when the material is
sirained, damage may develop in the material. The damage developed in the material may be in the
f..rm of microcracks or microvoids in the matrix or in the form of dewetting between the particle and
the matrix. The damage will not be confined to a specific location; rather, it will diffuse into a
relatively large area or zone. The growth of damage in the material may take place by tearing of the
material or by successive nucleation and coalescence of the microvoids. The importance of study on
damage initiation and evolution stems from the fact that damage can significantly affect the
constitutive and the crack growth behavior in these materials. It is known that, throughout the loading
history, the progressive development and interaction of various damage modes change the state of the
material and the response of the structures. In addition to the micro-damage, large cracks can also
develop in the material either during the manufacturing processes or by service loads. Therefore, to
effectively use the material in structural applications one needs to understand the damage initiation and
evolution processes, the effects of damage and crack development on the material's response, and the
remaining strength and life of the structures.

In past years, a considerable amount of effort was spent in obtaining a fundamental understanding of
damage initiation and its evolutionary process as well as the effects of damage on the material's
constitutive and crack growth behavior in a highly filled polymeric material (Refs.1-5). Much of what
we know about the damage process under different loading conditions has been obtained using
nondestructive testing techniques. During the course of the damage studies, different nondestructive
testing techniques were used. Experimental findings reveal that damage, expressed in terms of the
attenuation of the acoustic energy, increases with increasing strain rate and the critical damage 1S
relatively insensitive to the strain rate. They also reveal that the damage state correlates well with the




constitutive behavior of the material. The ultrasonic technique used in this study can be used to
monitor damage initiation and evolution processes in a small region of the material. In order to
determine the damage field in a large area, acoustic-imaging technique was used. By using the acoustic
imaging technique, the damage characteristics near the crack tip are determined. The acoustic imaging
data show that, due to the viscoelastic nature of the materials, load history and time have a significant
effect on the damage characteristics in the materials.

In this study, the damage fields near the crack tip in edge-cracked sheet specimens subjected to a
constant strain rate of 1.0 min' and a constant strain of 13% were investigated using real-time
radiograph techniques. During the tests, Lockheed-Martin Research Laboratory’s high-energy real-
time x-ray system (HERTS) was used to monitor damage initiation and evolution processes near the
crack tip. The experimental data were analyzed and the results are discussed.

The experiments

The damage field near the crack tip in edged-cracked and centrally cracked sheet specimens subjected
to a constant strain rate of 1.0 min” and a constant strain of 13% were investigated using real-time x-
ray techniques. The specimens were made of a particulate composite material, containing hard
particles embedded in a rubbery matrix. For the edged-cracked specimen and the centrally cracked
specimen, prior to testing, a 23-mm crack was cut at the edge and the center of the specimens with a
razor blade, respectively. The specimen geometries are shown in Figure 1. During the test, Lockheed-
Martin Research Laboratory's HERTS was used to investigate the characteristics of the damage field
near the crack tip. The specimen was placed between the x-ray radiation source and the x-ray camera.
The x-ray image exits from the specimen and strikes the screen that is in front of the x-ray camera. The
screen converts the x-ray image into a light image. This image is reflected into a low-light-level
television camera by a mirror placed at 45° to the beam in the back of the camera. This isocon TV
camera then converts the light image into an electronic signal that can be routed into the main monitor
and into the video tape recorder. A detailed description of the HERTS system can be found in
Reference 6. The recorded x-ray data were processed to create a visual indication of the energy
absorbed in the material. A region of high absorption (i.e, a low damage area) will be shown as a dark
area, whereas a region of low absorption will produce a light or white area, with 254 shades of gray in
between. Also, the x-ray image at a given applied strain level can be plotted in the from of iso-
intensity contours of the transmitted x-ray energy to enhance the resolution of the damaged field.

Results and discussion

For a highly filled polymeric material that consists of a large number of fine particles, on the
microscopic scale, it can be considered nonhomogeneous. When this material is stretched, the different
sizes and distribution of the filler particles, the different crosslinking density of the polymer chains,
and the variation of the bond strength between the particles and the binder can produce highly
nonhomogeneous Jocal stress and strength fields. Because of the particle’s high rigidity relative to the
binder, the local stress is significantly higher than that of the applied stress, especially when the
particles are close to each other. Since local stress and strength vary in a random fashion, the failure
site in the material also varies randomly and does not necessarily coincide with the maximum stress
location. In other words, the location and degree of damage will also vary randomly in the material.
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The damage may appear in the form of microcracks and microvoids in the binder, or in the form of
particle/binder separation known as dewetting. When the particle is dewetted, the local stress will be
redistributed. With time, additional particle/binder separation and vacuole formation takes place. This
time-dependent process of dewetting nucleation, or damage nucleation, is due to the time-dependent
processes of stress redistribution and particle/binder separation. Depending on the formation of the
material and testing condition, damage growth may take place as material tearing or by successive
nucleation and coalescence of the microvoids. These damage initiation and evolution processes are
time-dependent, and are the main factor responsible for the time-sensitivity of the strength degradation

as well as the fracture behavior of the material.

When crack occurs, the high stress at the crack tip will induce high damage near the crack tip region.
The high damage zone at the crack tip is defined as the failure process zone that is a key parameter in
viscoelastic fracture mechanics (Refs.7 and 8). Experimental data reveal that when the local strain
reaches a critical value, small voids are generated in the failure process zone. Due to the random nature
of the microstructure, the first void is not necessarily formed in the immediate neighborhood of the
crack tip. The formation of the voids is not restricted to the surface of the specimen where the
maximum normal strain occurs. Since the tendency of the filler particle to separate from the binder
under a triaxial loading condition is high, it is expected that voids, or damage zone, will also be
generated in the specimen’s interior. Consequently, there are a large number of strands, which separate
the voids and are essentially made of the binder material, that form inside the failure process zone as
shown in Figure 2. Under this condition, the transverse constraint is minimized. As the applied strain
iy.creases with time, material fracture would occur at the blunted end of the crack tip. The failure of the
n,aterial between the void and the crack tip leads the crack to grow a short distance. In other words, the
coalescence of the void and the crack tip leads the crack to grow into the failure process zone. This
kind of crack growth mechanism continues until the main crack tip reaches the failure process zone tip.

When this occurs, the crack tip resharpens temporarily.

The above paragraph discussed the damage mechanisms in the particle-filled polymeric material. In
order to determine the damage intensity and the damage fields near the tip of the propagating crack,
real-time x-ray test data were analyzed. The results of the analyses are discussed in the following

paragraphs.

Figure 3 shows the contours of transmitted x-ray energy near the tip of a propagating crack under the
constant strain rate condition. In this figure, the number between two contour lines is the minimum
intensity level of a range of I, between the minimum intensity level and the next intensity level. A
small number indicates that the intensity of the transmitted x-ray energy is high or that the damage is
high. These contour plots show the details of the size and shape of the damage zone as well as the
damage intensity inside the damage zone. As seen in Figure 3, the size of the damage zone and the
intensity of damage in the damage zone increase with increasing applied strain level, and the damage
gradient near the crack tip is very steep. The region that has a steep damage gradient is restricted to a
very small area in the immediate neighborhood of the crack tip. When the applied strain level is low,
the damage intensity outside the steep damage gradient area is negligible. As the applied strain level is
increased, the damage gradient is decreased and the size of the highly damaged region is increased as
shown in Figure 3. These experimental findings, obtained from real-time x-ray data, are consistent
with experimental findings reported by Smith et al. (Ref.9) in their study of local strain distribution
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near the crack tip in a highly filled polymeric material. As pointed out by Smith, the intense strain
zone, or the highly strained region, ahead of the crack tip is very small and the strain level outside the
intense strain is approximately equal to the applied strain level. A typical plot of the iso-strain contours
near the crack tip is shown in Figure 4. By comparing Figure.4 with Figures 3 and 6, we note that the
iso-intensity contours of I, or the shape of the damage zones, are similar to the iso-strain contours.
This implies that the damage distribution is roughly commensurate with the strain distribution. Since
the x-ray measures the average damage distribution through the thickness of the specimen, the
similarity between the iso-intensity contours and the ios-strain contours implies that the surface strain
measurement does roughly represent the strain distribution through the thickness of the specimen.
However, it should be pointed out that the complex damage processes in the material depend on time,
lcad history, and the microstructure of the material. Therefore, the roles that these parameters play on
the complex phenomenon of damage initiation and evolution processes are not clear and additional

work needs to continue.

Plot of crack growth rate versus time is shown in Figure 5. Figure 5 reveals that a pronounced
fluctuation of crack growth velocity occurs during the entire time of crack growth. In other words, the
crack growth process consists of a slow-fast-slow phenomenon. As mentioned earlier, the damage
process is a time-dependent process and it required some time to develop a failure process zone at the
crack tip. Thus, the crack growth process consists of blunt-growih-blunt and slow-fast-slow

phenomena, which is highly nonlinear.

In the above paragraph, we discussed the damage field near the crack tip and the crack growth
behavior when the specimen is subjected to the constant strain rate condition. In the following
paragraph, we will discuss the damage field near the crack tip when the specimen is subjected to a
constant strain condition.

Figure 6 shows the damage characteristics near the tip of the propagating crack when the specimen
was held at a constant strain. From Figure 6, we see that the crack tip is relatively sharp and two small
damage zones with high damage intensities, I, equal to 40 and 50, developed. As time elapses, the
crack tip become blunted and the damage intensity near the crack tip is increased and the damage
iy tensities I, in the two highly damaged regions increase from 50 and 40 to 30 (Figure 6). As the crack
grows a short distance, the damage intensity near the crack tip increases further, and, a void is formed
in the region where I, equal to 20. Finally, the main crack tip and the void are joined, leading to the
fracture of the specimen.

It is known that the damage characteristics near the crack tip are directly related to the stress states,
which, in turn, is related to the crack tip geometry. In order to see how the crack tip geometry affect
the damage field near the crack tip, an experiment was conducted on a specimen with a blunted crack
tip. The experimental results are discussed in the following paragraph.

Figure 7 show the iso-intensity contours near the right-side tip of the crack at different applied strain
levels. From this figure, it is seen that the crack tip is highly blunted. Under this condition, the high
stress region changes from the crack tip to the upper and the lower corners of the blunted crack tip.
Consequently, the high damage fields also shift to the corners of the blunted crack tip. When the
applied strain level is increased from 3% to 6%, two small regions with relatively high damage




intensity are developed at small distances away from the corners of the blunted crack tip. With
increasing applied strain level, voids are developed in the highly damaged regions. This indicates that
the damage initiation and evolution processes are closely related to the crack tip geometry and the
local microstructure.

Conclusions

The damage characteristics near the crack tip in a particulate composite material subjected to a
constant strain rate were investigated using real-time x-ray techniques. Experimental findings reveal
that damage zone size and the intensity of damage inside the damage zone increase with increasing -
time, and the pre-damage does affect the crack growth behavior in the material. It also reveals the real-
time x-ray technique is a promising technique to monitor damage initiation and evolution processes in

the particulate composite material.

Reliable performance of a structure in critical applications depends on assuring that the structure in
service satisfies the conditions assumed in design and life prediction analyses. Reliability assurance
requires the availability of nondestructive evaluation (NDE) techniques not only for defect detection
but also for verification of mechanical strength and associated properties. Therefore, NDE should not
be defined solely by the current emphasis on the detection of overt flaws. Certainly it is necessary to
extend NDE technology to characterize discrete flaws according to their location, size, orientation, and
nature. This leads to an improved assessment of the potential criticality of individual flaws.
(.»mcurrently, it is necessary to extend NDE techniques for characterizing various material properties.
.1 this case, the emphasis is on evaluation of microstructural and morphological factors that ultimately
govern the material's strength and performance
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